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A COMPARISON OF SEVERAL METHODS OF MEASURING IGNITION LAG

IN A COMPRESSION-IGNITION EHGIHE T

By J. A. Spanogle

SUMMARY

L
.

The ignition lag of a fuel oil in the combustion clam-—
ber of a high~speed compression~ignition engine was meas-
wred by three different methods. The start of injection
of the fuel as observed with a Stroborama was taken as the
start of the period of ignition lag in all cases., The end
of the period of ignition lag was determinsd by observa-
tion of the appearance of incandescence in the combustion
chamber, 'by inspection of a pressure~time card for evi-
dence of pressure rise, and by analysis of the indicator
card for evidence of the combustion of 2 small but defi-
nite quantity of fuel, )

A comparison of the valuss for ignition lags obtained
by these three methods indicates that the appearance of
incandescence is later than other evidences of the start
of combustion, that visual inspection of a pressure-time
diagram gives consistent and usable values with a minimum
requirement of time and/or apparatus, and that analysis of
the indicator card is not worth waile for iznition lag
alone.

INTRODUCTION

At the present stage of the development of the high-
speed compression-lgnition engine considerable attention
is being given %o methods of rating fuel oils as to their
suitability for use in such engines (references 1~5). It
lg generelly recogniged that there 1s a definite connection
between the ignitibility of fuel o0il and its satisfactory.
operation i1 an engine. As a measure of ignitibility the
length of the period of delay between the injection and
the ignition of the fuel has been used, dut no method as
yet devlised for the measurement of this period can bs con~
sidered as universally satisfactory and acceptable.
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Tgnition lag in a compression-ignition engine is most
gatisfactorily defined as the interval between the start
of injection of fuel and the point at waich the pressure
in tlhe engine cylinder messurably exceeds the compression
or expansion pressure without-lgnition. Ignition lag may
thus be measured in time units or it may be moroc convenient~
ly oxpressed in degrees ¢f craunkshaft rotation. -

The use of ignition lag as & measure of the ignitlbil-
ity of a fuel requirces tiat the limits of the period of ig~
nition lag be so defined that there will be no doubt as to
just what part of the oporating cycle is included by this
term. - There seems to be a general agreement that the pe-
riod of ignition lag begins with the entrance of the first
particle .of fuel into the combustion chambsr. The end
point of the period of ignition lag is determined by a va-
riety of methods depending upon the Bguipment aveilable in
thre laboratories where the work is done and, although
there is a lack of agreement in absolute values. therse is
excel ent 31J11arity in ccwpalative valaes. :

R I v oy Wua WA

Some of the dovices used to detormins thoe start of
the iénition lag are an eloctrical contact in the combus—
tion chamber closed by the impact of the entering fuel,
mechanisms which record the rise of pressure in the ingac—
tion tube 'or the moveheant of the injection valve sten,
and stroboscopilc apparatus that allows a visual determina-
tion of the start of the gpray with respect to the posi~
tion of some part of the test e;siﬁe,'usually the flywhesl.

The determination of the end of the period of igni-

tion lag depends upon the investigator's conception of
what constitutes effective ignition. At this laboratory
three m&thods have been used at different timeg to detect
effective ignition taking as evidence of the start of com-
bustion (a) the appearance of incandescence in the combus-
tion chamber, (b) the occurrence of perceptible combustion
pressureg on an indicator card, and (c¢c) the determination
of the effective combustion of a suall but definite fuel
quantity by analysis of the indicator card.

. Bre¥ious work at this 1aboratory uad ‘Bhown that at
fixed engine-operating conditions the time at which incan~
descence first appears in tie wombustion chamber of a com-
prossion~ignition engine is quitc defiunite and constant,
~Most of the investigators of the self-ignition tamperatures
of fuels agrec that some combustion occurs before 1lnflan—
mgtion, but investigators who use windows in combustion
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chambers of spark-ignition engines find such a close rela-
tionship between the progress of the flame front and the’
rise of pressure in the cylinder that inflammation is con-
sidered to be simultansous witn the start of combustion.,
If this close relationship occurs also in the compression—
1gnition engine the appearance of incandescence in the
combustion chamber may be used as svidence' of ignition of
the fuel,

When the indicatoér card is used to detect the occur~
rence of effective ignition the determination depends upon
the accuracy and sensitlvity of the pressure indicator.
Effective ignition is generally considered to occur at the
roint where the pressure line with combustion &1verges
“from the pressure line without combustion and is commoinly
designated "the breskaway point.! The pressure 1ine with-
out combustion, but with operating temperafures in %the cyl—
inder, is different from the motoring pressure line with
comparatively low temperatures in the cylinder. A pres-—
sure diagram with the higher cylinder temperatures utb
without ignition at the usual place may be obtained by op-
“erating the engine with'retarded injection.

Gerrish and Voss (reference 6), dy comsidering that
combustion starts when the pressure rise has shown that a
small but definite quantity of fuel has been burned, are
able to get consistent trends from the analysis of indica-
tor cards that would give inconsistent results if the com-
bustion were assumed to start at the last p01nt where no
burning could be detscted,

The series. of engine tests reported herein were made
in the N.A.C.A. Laboratory at Langley Fileld, Va., during
March 1932, and wers used for a comparison of the three
methods outlined above for the determination of the 1gni—
“tion lag of = fuel oil in a compr9851on~1gnition engine.

APPARATUS AND TEST FPROCEDURE

This invesEIgation was made with s single—cvlinder
test engine equipped with an N.A.C.A., cylinder head no. 4
having a vertical~disk form of combustion chamber. This
engine as equlppeéd with the special apparatus for obtain-
ing the necessary dats is shown in figure l. The _appara=
tus ircludes the disk etroboscope (A) suspended over the
engine and driven from the extiaust camshaft of the engine
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by e flexible shaft (B), the Farnboro 1ndicator pressure
element (C) conpected by wire and tube to the recording
mechanisn (ngt, shown), a quartz glass window (D) with its
reflecting mirzor (E), a Stroborama projector (F) for 1l-
lumineting the 1ndex (G) painted on the engine flywheel
and peianting to a scale (H) gradvated in degroes of cranke
shaft rotation, Figure 2 shows tho method by which it was
rossitvle to ovsorve simultaneously the incandescence in
the. engine cylinder and the position of the flywheol as,
'illumjaatod by the flash of tho Stroborama.

Ehs ongino—oPGrating conditiona aro ligsted in tadble
I, For .tiae tosts with variable injection advanco angle
,tno same pump control sottings weroc used and tho varia-
. tion in fuel gquantity with change of injoction advanco an-
glo was too .swmall to afioet the dates as used. Prossuro-
time dlagrams worc taken with the Farnboro indicator as
modified at this laboratory, photographic prints of the
rocords being used for the analysis. The recording drum
was rotated at crankshaft spesd. '

The start of fuel injectlon wasg determined by observe
ing the first appeargnce of fuel at the tip of the injec-
tion valve nozzle by means of the Stroborama and the tim-
ing was fixed bdy simulteneously notlng the flywvheel posi-
tion. This observation was made while injecting the fuel
intc the atmosphere, as previous injecting into a pres-
sure chamber had shown no varlation in timing with the
density rising to 1.5 pounds per cubic foot. This deter-
mination could be reproduced within one half crankshaft
degree, : .

Some preliminary tests. were ‘made to detarmino the best

technic for obtaining the reading of the first appecarance

of incandescence. Aftcr the ongine had reached stabilized

oporating temperatures, it was stopped and thae gquartz win-

dow was inserted as quickly.as possible. Engine operatlon

was immediately resumed and the observer brought the first
part of the incandescent psriod into phase with the open—
ing of .the .slot in the -stroboscopse., The Stroborams flash
was, sy;chronized with the first apanrance of incandes-
cence by, rehote control and the_pasition of the rlywheel
noted Any one observer could regeat observations within
l'.. . .- Lo - - - ) - - —_ PR I

, Tpats were made to determlne whether tne figld of
view fron tne small WLndow Tas so resur*cted that inflamr
mation might occur in any ﬁortlon of the chamber and not
be vigible, A fuel quantity that roduced the scalo loade
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ing from 22 to 21 pounds while motoring the engine was suf-

.+ficient to produce an unmistekable flash lastirng abdbout 35
crankshaft’ degrees. This fuel guantity, estimated to be

.04000005 pound per .cycle, air~fuel ratio about 1,000,

. should. theoretically reach. enocuigh air to burn completcly
within 1=1/%4 inches of the nozzle. Apparently any fuel

quantity that would operate the eangine would produce suf—

ficient 1ncandescence for these tests.

—— - )

s Tests with increa51ng fuel quantity . .at a’ constant in~
Je¢ﬁ1on advance angle showed that the. start of incandes—
cence wes well defined and constant at. fuel quantiﬁles be~
twgeu 0.00014 gnd 0.00019 pound per cycle. Boloy this
range there wes slightly more variation in " the start of
incandescence and ahove it the window had to bo cleaned
too frequently. The window could be uscd for more. than
20 minutes at a fuel quantity of O, 00015 pdund per cycle
without introduging an error . due %q the sooting of the
window, The absence of change in tbo timeg othEe appear—
anco of incandescenco over a wideé rango of fueél quantiﬁy
per. cycle ls an indication that. tho observation is not nc-
_beorially dffegted. by the spatial distribniion of _fho flaune
and that the position of thé window does.not prevont tho
observer from dotecting incandoScernce in parts of .the com~
bustlon chamber not directly in tho field of v1ew through
tho window. : - . S s ool
) ' Tha data were, then procured for the comparlson Tof Eﬁe

three methods of measuring ignition lag. 4 fuel guantity
_of approximately 0.00015 pound per. cycls (air-fuel. ratio
. about 32) was used and the ingectlon advance angles werde
varied .in 2° intervals from 16° B.T.C. to 8% A.T.C. _ Inm
dicator c¢ards were taken and the first. appearance of in-
cgndescence recorded .for each injection advance angle,
The pressure-time curves are shown combined in figure 3.
with the start of incandescence marked on each CUTVE. An
analysis of these curves for effective fuel burned gives
the series of curves shown in figure 4. -The high-pressure
sections of four of the indicator cards are shown in flg—
ure 5., These data are considored well .suited for s coms
parison of the differeant methods - on geccount -of the short
ignition lag and the, comnaratlvely lgrge- effect of any-
varlation OT errors. in measurement . .

. . . L - - -
- . . - PR N E
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RESULOS AND DISCUSSION

Ihe ignition lags as obtained from the data are list~
ed in,tadble II. The columns 2 to 6, inclusive, are the °
indiviﬂu@l determinations by visual-inspeqtion of the. in~-.
ddcator:.card of five engineers experienced in ongine. test-
ings The seveath column is an average of the five values
for each injection advance angle. The eighth column liste
dhe dgnition lags obtained when the first appearance. of
incandescence 1w .considered as marklﬁg the start of com~
pustione” The. lssit- column shows the valunes obtained by
congldering that :combustion has started when a small but.
definite mamount of fuel hag boen effoctivo in raising tho
pressure’ in the cyldinder. No two series af values were .
determined by the  same person. It shomld be noted “that. _
the.ignitlon lags as determined by any of these methods .~
remain virtuglly . constant over the normal oierating range
and incroase-at both ends of this range 80 ne t the ig—._
nition lag hoth-degreasses and increases with increase in
-ingection advance aﬁgle.; ;;.nim,.-f L e T el '

At the tlme this work was . started it was hoped that
-the first appearance.of incandescence would fix a. .compar-=
atively definite point. that-wonld show the.start of . com-
bustion in the engine cylinder, but after prellmlnary 0 be
servations it was rcalized that the appearanco of the vie-
+ible flame-:ilg. g.-comparatively gradual procesge. The.time
of 'appearance of inecgndescenco in the combustionxchamber
wag surprisingly late-because_ in all cases it occuxrad af-
tor theo pressure~time record had shown & def;nite pres-_
sure rise (fig. 3).. Therefore, it is ‘obvious that the.ap-
poaranco of incandoscence is of 1ittle value in establish-
ing.the start of combustion in a compressicn-~ignitign. 83
ginc because it occurs later than other evidgnces of tho-
start of combustion.. However, the.valucs of the igaitioq
lag obtained. by using tho appecarance of 1ncandogcence X
~%ho starting polnt of combustion folloq the gane. . trend as
the values obtaired by using the start of pressure rise
but- with a smaller variation,

The. method of measuring 1gnition lag by usingmthe Lf
breakaway point or start of pressurs:rise as the termina-
tion of the period of lag is open to the objection that
the determination may not be reproduced by different ob-
servers. & measure of the consistency in determining the
breakaway point may be obtained by comparing the individ-
ual determination of the five observers with the average
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of their determinations.’ Of the 60 valuses listed in table
I1, 22 agree with the average, 18 are wilthin 1/2 and 16

are within 1° s, leaving only 4 in excess of 1°, Two thirds
of the total determinations are within & raa e of 1 crank—
shaft.-degree and practically all are within Thus, i%

appears that this method is sufficiently accurate and cone-
sistent to give goéd comparative values bdut not necessa-
rily exact values for ignition lag. The values obtained
by this method show a greater variation than the values ob—
talned by either of the other metnods. .

. Tne values for 1gn1tion lag obtained by consxderlpg
-combustion as starting when a small but definite quantity
of fuel has been burned are possibly more definite than
values obtained by other methods, but in thils-case ‘tHey
.are:lacking in gcontrast as ten consecutlve wvalues cover a
range of only 1 and therefore indicate that the ignition
lag remains virtually constant over a range of 20 ,0f in=
jection advance angle. : -

A comparison of the three sets of values for 1gnit10n
lag indicates that the values obtained from. ‘direct inspec~
tion of the indicator card by experlenced observers ars.
consistent and have the advantage of requirlng no extra

apparatus and a minimum of time., -The eppearance of incan—

descence in the combustion chamber of a compression-igni-
tion engine ig of doubtful value for determiniling when com—
bustion starts. The ignition lags obtained from analyses
of the indicator cards were apparently not of sufficleant
value to justify the expenditure of time required by this
method. These results indicate that it will be quite 4if-
ficult to have agreement in values for ignition lag be-
tween different laboratories or even between different

experimenters until apparatus and methods are standardized,

Langley Memorial Aeronauticsel Laboratory, -
National Advisory Comnittee for Aeronautics,
Langley Field, Va., November 14, 1933.
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TAB

I

Test Apparatus

Engine
Cylinder head
Fuel injectlion pump

Fuel injection wvalve

N,A.C.A, Universal test engine

¥o. 4
No. 7

No. 13

Engine Operating Conditions

Engine speed
Full load fuel quantity
Fuel quantity used in tests

Injection period used in
tests

Injection advance angle
Injection nozzle type
Fuel wvalve position
Valve~opening pressure
Compression ratio

Temperature cooling water
(out)

Temperature lubricating oil
(out)

Temperature fuel oil
Temperature inlet air

Barometer

Engine valve timing

1,500 r.p.m.
0.000325 1b./cycle

0.00015 1

12° (crank)

Variable
6 orifices in single plane
Top hole of cylinder head
3,000 1b./sq.in.

15
170° F.

140° 7.

85° F.

65° ®.
30.26 in.Heg

opens 38° B.T.C,
closes 27° A.B.C.

Inlet

Exhaust: opens 36° B.B.C,

closes 250 A--chc
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TABLE II

Ignition Lag

485

10

(A1l values given in degrees of crankshaft rotation
at 1,500 r.pe.me

For time values wultiply by 0.0001l1ll sec, )

Injection| Direct observation of cerd ; Start of |_Card anal,
advance Observers incan- Fusl quan.
angle A | B|]C|] DI E |average | descence | 4X10™° 1b,

A.T.C. 6 {16 |15 {15 (14| 13 14+ 16+ 12.4

4 {13 112 11 12 | 12 12 16 10.2

2 {10 |12 ;11 :11 12 11 15+ iO.E

T.0. 8+ 8 7 9 8 8 13 9.7

B.T.C. 2 |7 | 8! 8 8} 7 2 11 9.7

4 8 8 7 E 9 8 8 11 9.9

6 le |7 |71~ 6 % 11 lo.1

8 8 8 8 7 7 7+ 11 10.6

10 9 9 |10 | 4 8+ 10 10.5

12 |9 ler] o) 8| o+ 9 10 10.3

14 |10 9 (10! 9 9 9 11 . 10.4

is {10 110 9 ilO 10 10 _12 -
! !
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Figure 1.~ Test engine with suxiliary apparatus.
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Figure 3.- Schematic dlagram of relative positions of observer
and apperatus when making gimultaneous observations.
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